Phosphorus (P) is a key mineral element for the growth, reproduction, and metabolism of animals. In animal feed made from leguminous and cereal materials, a high proportion (40% to 70%) of the total P could be present in phytic acid (myo-inositol hexakisphosphate) [4, 25] . The phytic acid is a stable compound that is difficult to be chemically hydrolyzed, thereby releasing inorganic phosphate unless catalyzed by phytase, an enzyme that could cleave the multiple phosphoric ester bonds in phytic acid. Since most animals lack the ability to produce phytase in their guts, animal feed is usually supplemented with phytase. Owing to the presence of gastric acid, the stomach environment of most livestock and poultry is very likely to have a pH of below 3.0 [2, 5, 17-19, 22, 24]. The pH condition is too acidic for most phytases to work at their highest efficiency: the biochemical characteristics of the phytases reported to date showed that a majority of the histidine acid phosphatase (HAP) family phytases are likely to demonstrate the optimum catalytic efficiency around pH 4.0 to 5.5 [12, 13, 21, 33] , whereas only a few derived mainly from the Aspergillus genus are adapted to much lower pH (1.0-3.0) [9 ,11, 14, 29, 30]. However, the activity of those acidophilic phytases (pH optimum <3.0) is usually not very ideal. For instance, a phytase derived from A. ficuum NTG-23 with a pH optimum of 1.3 [34] has an activity 18 times lower than the AppA phytase of Escherichia coli with a pH optimum of 4.5 [8, 32] . Thus, there is ongoing interest in the exploitation of novel phytases with desirable enzymatic properties, including improved adaptability to low pH condition [28] . In this study, a novel HAP phytase was obtained from a publicly available metagenome of subsurface groundwater and overexpressed in E. coli. The enzymatic properties of this phytase were characterized.
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For this, the amino acid sequences of the conserved motifs possessed by HAP phytases (RHGXRXP and HDTN) [20, 21] were used to manually search for putative HAP phytase genes among the publicly available metagenomes in the IMG\M database [15, 16] . A putative phytase gene consisting of 1,074 base pairs (bp) was identified in a metagenome derived from subsurface groundwater that was contaminated by coal-tar waste in the South Glens Falls, NY, USA [10] (under the IMG Gene Accession ID of JGI1357J11328_100303543). The deduced peptide sequence of this putative phytase gene consists of 357 amino acids, containing typical conserved motifs (RHGNRTP and HDTN) possessed by HAP phytases. Using SignalP 4.0 [6, 23] , the first to the twenty-fifth amino acids from the N-terminal was predicted as a putative signal peptide of this phytase. It suggests that the phytase might be a secreting enzyme located in the extracellular or periplasmic space of the host. Compared with other known HAP phytases using BLASTP, the amino acid sequence of this phytase has the maximum similarity of only 35% to a predicted acid phosphatase of Francisella tularensis subsp. holarctica FTNF002-00 [1] . It indicates that the phytase is much dissimilar to all HAP phytases known to date. The novel phytase gene was given the name appA_Gw.
In order to confirm the phytase activity of the protein product of appA_Gw and further characterize the biochemical properties of this enzyme, a plasmid was constructed for overexpressing the recombinant protein of AppA_Gw in E. coli. The nucleotide sequence of the region from the 76 to 1,074 bp of the appA_Gw gene, excluding the section encoding for the predicted signal peptide, was chemically synthesized. The nucleotide sequence was subjected to codon optimization for improved performance of expression in E. coli (Fig. S1 ). The synthesized fragment was cloned inframe between the EcoRI and SalI sites of a pET26b(+) vector, which allows the PelB signal peptide and the polyhistidine tag of the pET26b(+) vector to respectively fuse in-frame to the N-terminal and C-terminal of the recombinant protein rAppA_Gw, for extracellular localization and affinitychromatographic purification. The constructed plasmid was named pET-rAPPA_Gw.
For overexpression of rAppA_Gw, the constructed plasmid was chemically transformed into E. coli BL21(DE3) cells. A 2YT medium with a modified recipe (containing 1.6% (w/v) tryptone, 1% (w/v) yeast extract, 10% (w/v) Dsorbitol, 1.25% (w/v) NaCl, 0.2% (w/v) D-glucose, and 40 mM Tris-HCl of pH 7.4) was used. The transformed E. coli cells containing pET-rAppA_Gw were grown in the modified 2YT medium until the optical absorbance at 600 nm reached 0.6-0.8, and then induced by adding isopropyl-β-D-1-thiogalactopyranoside to a final concentration at 0.1 mM. The induced cells were allowed to further grow at 18°C for 16 h, and subsequently the overexpressed protein rAppA_Gw was purified from the medium supernatant by affinity chromatography, using a Ni-NTA agarose column as previously described by Böhm et al. [3] (Table S1 ). A protein of homogeneity was obtained, with a molecular mass of 42 kDa, as determined by SDS-PAGE (Fig. S2) . It is in accordance with the theoretically predicted molecular mass of rAppA_Gw. A gel filtration chromatographic analysis using a Superdex 200 10/300 GL column revealed that rAppA_Gw was present as a monomer (data not shown). To determine the biochemical characteristics of rAppA_Gw, the phytase activity of the purified protein was measured under various pH and temperature conditions, using an AMol Colorimetric Assay as previously described by Liao et al. [14] . The amount of rAppA_Gw protein was quantified using a Bradford Assay (Bradford, 1976) . One unit (U) of the phytase activity is defined as releasing 1 µmol inorganic phosphate from phytic acid per minute. The activity value is the mean of three replicates, with standard deviation. For comparison, the rAppA phytase derived from E. coli (Ec_rAppA) was used. The E. coli Ec_rAppA was assayed under the same pH and temperature conditions. In order to obtain the purified protein of Ec_rAppA, the nucleotide sequence of the appA phytase gene of E. coli strain K-12 substr. W3110 (GenBank Accession No. JF274478) was chemically synthesized and cloned into the pET26(+) vector. The E. coli Ec_rAppA was overexpressed in E. coli BL21(DE3) and purified using the same procedures that were used for rAppA_Gw, as described above.
The pH condition that is optimal for the catalysis efficiency of rAppA_Gw under the usual physiological temperatures of livestock and poultry was determined. For this, the phytase activity of rAppA_Gw was measured at 37°C, which is close to the gut temperature of most livestock and poultry, and at different pH points from 0.0 to 6.0 with 0.5 intervals. The results showed that at 37°C, rAppA_Gw demonstrated the maximum activity of 298 ± 17 U/mg at pH 2.0 (Fig. 1A) , indicating that rAppA_Gw has a very acidic pH optimum. The phytase activity of rAppA_Gw was still present at even lower pH (pH 0.5 to 1.5), whereas at the pH above 5.0 the activity decreased significantly. In comparsion, at 37°C the Ec_rAppA derived from E. coli demonstrated the maximum activity of 867 ± 38 U/mg at pH 4.5 (Fig. 1A) and a lower activity of 204 ± 13 U/mg at pH 2.0. Altogether, the results indicated that rAppA_Gw was an acidophilic phytase. In comparison with other HAP phytases characterized to date, particularly those broadly commercialized low pH phytases such as the PhyB derived from A. niger, the pH optimum of rAppA_Gw is indeed very acidic [3, 11, 13, 31, 33] . Although a phytase derived from A. ficuum NTG-23 [34] was reported as having a more acidic pH optimum (pH 1.3), its activity (150.1 U/mg) is not as high as rAppA_Gw. Since the pH in the stomach of most livestock and poultry is very acidic, usually at a pH value below 3.0 [2, 5, 17-19, 22, 24] , rAppA_Gw could have a better catalyzing performance in stomach as benefited from its good adaptability to extremely low pH. It suggests that rAppA_Gw could be promising for the development of feed additives with high acid resistance.
The kinetic characteristics of rAppA_Gw were determined at pH 2.0 and 37°C, using the approach previously described by Vats and Banerjee [30] . The K m and k cat /K m values of rAppA_Gw were determined to be 0.51 ± 0.03 mM and 10.91 ± 0.40 /µM/s, respectively, suggesting that rAppA_Gw possesses a moderate affinity for the substrate phytic acid and a moderate catalytic efficiency, in comparison with other phytases characterized to date [13, 33] . The influence of metal ions on the phytase activity of rAppA_Gw was also estimated, by measuring the phytase activity (at pH 2.0, 37°C) while each tested metal ion was present in the catalytic reaction at different concentrations (1, 5, 10, and 50 mM) ( Table 1 ). The determined phytase activity is shown by a percentage in comparison with the activity level with no metal ion supplemented, which is defined as the 100% activity. The results generally showed that the tested metal ions are likely to inhibit the phytase activity of rAppA_Gw at high concentrations. Among these metal After the heat treatment, the phytase activity was measured at 37°C and pH 2.0. The full activity (100%) is defined as the activity of rAppA_Gw without any prior heat treatment. effect upon the phytase activity at the concentrations up to 50 mM. It means that rAppA_Gw is likely to possess a tolerance to the presence of calcium ion, suggesting that rAppA_Gw is potentially suitable for application in animal feed containing an extra supplement of calcium nutrient. Moreover, the substrate specificity of rAppA_Gw was tested for several organic phosphate compounds at pH 2.0 and 37°C. The results showed that rAppA_Gw has a high preference for phytic acid while its activity for other substrates is much weaker in comparison (Table 2) . It means rAppA_Gw is likely to be a true phytase rather than an acid phosphatase possessing a contingent activity for phytic acid. The temperature that is optimal for the catalysis efficiency of rAppA_Gw was also determined, at the pH optimum of 2.0. The phytase activity of rAppA_Gw was measured at different catalyzing temperatures, from 25°C to 70°C with 5°C intervals. The results showed that the phytas activity of rAppA_Gw reached the maximum value of 363 ± 17 U/mg at 45°C (Fig. 1B) , and declined significantly while the temperature went above 55°C. In comparison, the E. coli Ec_rAppA was most active around 55°C (664 ± 36 U/mg) under the tested pH condition (pH 2.0), but was less active than rAppA_Gw in the temperature range below 40°C (Fig. 1B) . It means that rAppA_Gw is most active at medium temperatures while lacks the ability to catalyze more efficiently at high temperatures. Although rAppA_Gw is not a thermophilic phytase, it could be suitable for working in animal stomach since its temperature-optimum of 45°C and pH-optimum of 2.0 are very close to the physiological temperature and gastric pH of most livestock and poultry [2, 5, 17-19, 22, 24] . For a potential application as an additive to animal feed, there is a need to estimate the ability of rAppA_Gw to undergo industrial treatments at high temperatures without losing its phytase activity and to subsequently restore the activity after the heat-processes. Therefore, the resistance of rAppA_Gw to heat-denaturation was determined. For this, rAppA_Gw was incubated at 60°C, 75°C, and 90°C respectively for up to 30 min and the decline of phytase activity was monitored. The results showed that the phytase activity could remain stable during the first 10 min at 60°C, however the activity declined at a much faster rate at 75°C and 90°C (Fig. 2) . It indicated that rAppA_Gw was unlikely to be a very thermostable enzyme, yet its heat-tolerance is still acceptable as compared with the broadly commercialized low-pH phytases derived from Aspergillus microorganisms. It means that heating processes such as thermo-pelleting should be avoided if this phytase would be applied as an additive enzyme in animal feed. Also, protein engineering approaches such as amino acid substitution and direct-evolution might be used to enhance the thermostability of rAppA_Gw in order to make this phytase more applicable in feed industries [7, 26, 27] , which would be a further focus of our study.
In all, this study identified a novel phytase and has thereby demonstrated the significance of a culture-independent way for exploiting useful enzymes from environmental microbial communities. In comparison with most of the known phytases, the newly reported phytase could work more efficiently at very low pH that is typical in the stomach environment of most livestock and poultry. Moreover, the phytase activity is maximized near the physiological temperatures in livestock and poultry stomachs. Thus, the novel phytase has the potential for an update or replacement of current commercialized phytases for its good adaptability to the physiological pH and temperatures in livestock and poultry stomachs. Future efforts will be required for improving the thermostability of this enzyme.
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